We investigated the effects of solvents on the intrinsic propensity of peptide backbone conformations based on molecular dynamics simulations. The results show that compared with pure water, aqueous urea decreases the helix propensity. In comparison, methanol decreases the PPII propensity. Such a solvent dependence of the intrinsic propensity of the backbone conformation is correlated with the solvent dependence of the hydration of the backbone groups and the formation probability of the local intra-peptide hydrogen bonds. Aqueous urea which has low ability to stabilize the local intra-peptide hydrogen bonds disfavors the helical conformation. Whereas, methanol which has low ability to hydrate the backbone groups disfavors the polyproline II conformation. In addition, the solvent effects can be further modulated by the side chains of the peptides. The solvent effects of the intrinsic propensity of peptide backbone conformations observed in this work suggest that changing the intrinsic propensity of the protein backbone conformations can partly contribute to the solvent-induced protein structure and dynamics variations. These results will be useful in understanding the solvent dependence of the conformational distributions of the unfolded proteins/peptides (or intrinsically disordered proteins) in which the global tertiary interactions are less important than that in the well folded proteins.
Since the unfolded state of protein is usually prepared by changing the solvent conditions, e.g., by increasing temperature, adding denaturing cosolvents, adding organic solvents, and changing pH values, etc., it will be valuable to investigate the solvent dependence of the conformational preference for the peptide in unfolded state. Meanwhile, as the protein folding and other functional motions are often accompanied with the variations of local solvent environment, knowledge of the solvent dependence of the conformational preference is also crucial for understanding the molecular mechanisms of protein folding and functional motions. However, compared with its significant biological importance, detailed characterization of the solvent dependence of the protein conformational preference in unfolded state is very rare. In Ref. [18] , Liu and coworkers investigated the solvent dependence of the PPII conformation for model peptides AcGGAGGNH 2 and AcO 2 A 7 O 2 NH 2 using circular dichroism (CD) spectroscopy.
Interestingly, by comparing the PPII contents in a number of aliphatic alcohols and water, they found that the PPII content is well correlated with the polarity of the solvents. The solvent with less polarity shows a trend to destabilize the PPII compared with water. In Ref. [28] , Whittington and coworkers investigated the effect of urea on the peptide conformations and observed that the urea can increase the CD band around 220nm. These experimental works provide valuable information on the solvent dependence of the peptide backbone conformations which was considered to be especially important in the initial stage of the protein folding [29] . However, a comprehensive understanding to the effects of solvents on the intrinsic propensity of peptide backbone conformations and its molecular mechanism is still lacking, and further simulation works as complements to these experimental achievements will be highly useful.
In this work, based on the replica-exchange molecular dynamics simulations, we investigated the relative populations of the major conformational states in water, methanol and aqueous urea for a model peptide AcGGAGGNH 2 . For this model peptide, the side-chain effects and the global tertiary interactions are largely alleviated. Therefore, it is an ideal model system to investigate the intrinsic propensity of the backbone conformations and is frequently used in experiments to characterize the 4 structural features of unfolded proteins. [5, 7, 16, 18, 24] . Our results show that compared with water, aqueous urea increases the population of β-strand and decreases the population of helix, but does not affect the population of PPII. In comparison, methanol decreases the population of PPII and increases the population of β-strand, but keeps the helix population unchanged. Such a solvent dependence of the conformational preference largely results from the interplay between the solvent dependence of the backbone hydration and the solvent dependence of the formation probability of the local intra-peptide hydrogen bonds.
II. METHODS
In this work, the simulations were performed using the AMBER molecular dynamics simulation package with the solvent molecules being treated explicitly [30] . The standard AMBER ff03 force field was used [31, 32] . The simulation started from the extended state of the AcGGAGGNH 2 peptide. The peptide was solvated in a solvent box of ∼37000 Å 3 . Three kinds of solvents, i.e., TIP3P water [33] , methanol and urea of 8M, were used. To alleviate the boundary effects, the periodic boundary conditions were applied. In treating the long range electrostatic interactions, the Particle Mesh Ewald (PME) summation algorithm was employed [34] . A cutoff of 8.0 Å was used for the construction of nonbonded list. The covalent bonds involving hydrogen atoms were constrained with the SHAKE algorithm [35] and the time step of 0.002 ps was used. The extended structure of the peptide was heated to 1000K for 1.0 ns. The resulting structures were used as the initial structures for further simulations.
The replica exchange molecular dynamics (REMD), which has been widely used in the studying of protein folding and aggregation [36] [37] [38] [39] [40] [41] [42] , was employed for the conformational sampling. With this method, the peptide at low temperatures has ability to overcome high energy barriers by being switched to high temperatures, and it provides improved sampling at lower temperatures than standard MD.
Further details of the REMD method can be found in Ref. [36, 37] simultaneously in parallel. The temperatures were basically distributed exponentially and assigned following the way described in Ref. [43] . Some temperatures were slightly adjusted manually. In REMD simulations, one important parameter is the time interval of the exchange attempt. In literature, very different time intervals ranging from ~10.0 fs to ~20.0 ps have been used [44] [45] [46] . For example, in
Ref. [45] , a time interval of 1.0 ps was suggested to be appropriate for a 21-residue peptide they studied.
Whereas, the Ref. [44] recommended making the exchange attempt every few time steps. In this work, the time interval of the exchange attempt is 2.0 ps. With the above temperature distribution and the time interval of the exchange attempt, we can achieve reasonable sampling quality for the model peptides studied in this work. As a demonstration, Fig.S1 of the supplemental material [47] shows the dihedral angle Φ and Ψ of the central alanine, as well as the temperature as a function of simulation time for one of the 32 replicas. We can see that the trajectory frequently hops between different major basins in the Φ and Ψ space, and visits wide range of temperatures. Such frequent transitions between major states and the visiting of wide temperature range are essential for the convergence of the REMD simulations.
During the REMD simulations, the atomic coordinates were recorded every 1.0 ps for further analysis.
Totally ~50.0 ns were simulated for each of the 32 replicas. The configurations after the first 5.0 ns of each replica were used for analysis. To further investigate the effects of side chains, we also conducted the same simulations for another two model systems, AcGGLGGNH 2 and AcGGDGGNH 2 , which have typical hydrophobic side chain and charged side chain, respectively.
The conformational state was assigned based on the dihedral angles of the central residue. The conformation is defined as PPII, β-strand and helix when the dihedral angles satisfy the constrains of (-125°< φ < 0°; ψ > 75° or ψ <-125°), (φ <-125°; ψ > 75° or ψ < -125°) and (-125° < φ < 0°; -75° < ψ < 25°), respectively. A hydrogen bond is formed when the distance between the donor and acceptor is less than 3.5 Å, and the angle formed by donor-hydrogen-acceptor atoms is larger than 120.0°.
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III. RESULTS AND DISCUSSIONS
A. PPII is one of the major conformations of the model peptide. respectively. The significant population of the PPII supports the experimental observation that the PPII have major contribution to the unfolded state of peptide [3] [4] [5] [6] [7] [8] [9] [10] [11] . The populations of the three major states rely on the temperature strongly. Compared with the low temperature case, both the PPII and helix contents are decreased at high temperature. In comparison, the content of the β-strand is increased, suggesting that the high temperature tends to increase the relative stability of the β-strand. Such observation is consistent with the simulation results of García for a polyalanine peptide [13] . Other experimental works also observed that increasing the temperature can increase the β-strand content of the unfolded proteins [6, 48] . 
B. Solvent effects on the conformational propensity.
To investigate the effect of solvent on the conformational propensity of the peptide, we calculated the populations of the three major states for typical solvents, namely, water, aqueous urea (typical denaturing cosolvent) and methanol (typical organic solvent). Here, the assignment of the three major conformational states was based on the constraints described in the METHODS section. However, other conformations beyond the above constraints can also be observed, therefore, the sum of the populations of the three major states is less than unity. worth mentioning that in this work the conformational states were assigned based purely on the conformations as described in the previous section, and the sharp boundaries used in the conformation assignment may contribute to the errors in Fig. 2 . Recently, a more sophisticated assignment method which combines the trajectory history and the conformations was proposed, and can improve the conformation assignment significantly [49, 50] . One can see that compared with water, methanol significantly decreases the population of the PPII, and increases the population of the β-strand (see the differences between the populations in methanol and in water), but does not change the population of the helix. In comparison, urea significantly decreases the population of the helix, and increases the population of the β-strand, but does not change the population of the PPII. In Ref. [18] , Liu and coworkers observed that the organic solvent methanol, ethanol and isopropanol can decrease the PPII content dramatically. The present result is consistent with such observation. The above results suggest that both methanol and aqueous urea can affect the conformational distribution of the model peptide dramatically. In literature, people found that the propensity scale of the PPII is well anti-correlated with that of the β-sheet [7] . Therefore, it is interesting to calculate the relative stability of the PPII and β-strand based on the simulation data. Fig.3 shows the free energy difference between the β-strand and PPII, which is calculated by ΔF =-k B Tln(P(β)/P(PPII)). The error bars were obtained with the same method as that in Fig.2 . Here, the P(β) and P(PPII) are the probability of the β-strand and PPII, respectively, sampled by the central alanine, and the k B is the Boltzmann constant. From Fig.3 we can see that both methanol and aqueous urea decrease the relative free energy with nearly the same magnitude, namely, the PPII is destabilized relative to the β-strand. However, from In literature, a number of simulations and coil library surveys showed that the solvation of the backbone plays a major role in stabilizing the PPII [14-16, 51, 52] . Meanwhile, the modulation of the backbone solvation by the side chain can result in sequence dependence of the PPII propensity [16] . For example, based on Monte-Carlo simulations, Mezei and coworkers found that there are more hydrogen-bonded water molecules around both NH and CO groups in PPII than in β-strand and α-helix [21] . On the other hand, it is well believed that the helical conformation is stabilized by the local intra-peptide hydrogen bonds. Investigating the detailed stabilization mechanisms of the secondary structures is beyond the scope of this paper. Here, we try to understand the above observed solvent dependence of the conformational propensity of the model peptide on the basis of the hydration of the backbone groups and the local intra-peptide hydrogen bond formation. comparison, urea decreases the formation probability of the intra-peptide hydrogen bonds dramatically.
Particularly, formation probabilities of the hydrogen bonds between the NH of the Gly5 (Gly4) and the CO of the Gly2 (Gly1) are significantly decreased by the addition of the aqueous urea. Similar results are observed for higher temperatures, but the effects are relatively weaker as shown in Fig.5(d-i) . These results suggest that the destabilization of the helical conformation by aqueous urea observed in Fig.2 largely results from the decreasing of the local intra-peptide hydrogen bonds since the local intrapeptide hydrogen bonds are the main driving force for the stabilization of the helical conformation. Here, the helical conformation is calculated only on the basis of dihedral angles. It may include both the helical and turn structures. Fig.5 also suggests that higher temperatures tend to destabilize the (i, i+3)
hydrogen bonds, and slightly increases the populations of the (i, i+2) hydrogen bonds. There are at least two possible mechanisms by which the solvents alter the formation probability of the local intra-peptide backbone hydrogen bonds. One possible mechanism is the competition between the solvent-peptide hydrogen bonds and the intra-peptide hydrogen bonds. For example, the hydration of the backbone groups will decrease the formation probability of the intra-peptide hydrogen bonds since the donors or acceptors are occupied by the solvent groups. Another mechanism is the direct interaction between the hydrogen bonded solvent molecules and the peptide atoms. Here, the hydrogen bonded solvent molecules refer to the solvent molecules which forms hydrogen bonds with the peptide backbone groups. From Fig.4 , the backbone groups are only slightly more hydrated in aqueous urea than those in water. Therefore, the observed decreasing of the intra-peptide hydrogen bonds by urea most likely results from the direct interactions between the hydrogen bonded urea molecules and the peptide atoms. Since the urea molecule has much larger size than the water molecule, the steric repulsion and dispersion interaction between the hydrogen bonded urea molecule and the peptide atoms is stronger than that between water and peptide atoms. For example, the stronger steric blocking effect due to the large size of the hydrogen bonded urea molecule tends to prevent the freely approaching of other peptide atoms to the hydrogen bond donors/acceptors adjacent to the urea bonded backbone groups. On the other hand, the stronger dispersion interaction tends to arrest the approaching peptide atoms, and therefore reduce the hydrogen bonding probability of the nearby hydrogen bond donors/acceptors. To manifest the importance of such blocking and dispersion effects of the urea molecules on the local intrapeptide hydrogen bond formation, we performed three simulations. In two of the simulations, one water molecule and one urea molecule were hydrogen bonded to the NH group of the central alanine, respectively, by imposing distance and angle restraints. As a control, another simulation in which the backbone groups were not hydrogen bonded to any solvent molecule, was performed. To eliminate other possible effects, the simulations were conducted in vacuum and with electrostatic interactions switched off. Therefore, the differences between these simulations mainly result from the different steric blocking and dispersion interactions by the hydrogen bonded solvent molecules. Due to the small number of atoms in the model systems, the conventional molecular dynamics were used, and the simulations were 13 conduced at 300, 320, 340, 360, and 380K. It is worth noting that the sampled conformations and the absolute values of the calculated quantities are unrealistic due to the simplifications made above.
However, the differences between the simulations can unambiguously identify the contributions of the steric blocking and dispersion effects arising from the hydrogen bonded molecules.
In Fig.6 , we compared the averaged occupation number of the backbone O of the central alanine (i.e., the number of heavy atoms which are within 3.5 Å from the backbone O of the alanine. The neighbouring heavy atoms, namely, the heavy atoms in Ala3 and Gly4 are not considered). This hydrogen bond acceptor (i.e., backbone O of the alanine) is quite close to the hydrogen bonded backbone NH, therefore its hydrogen bonding ability is easier to be affected by the hydrogen bonded solvent molecules. One can see that the occupation number is much smaller for the urea bonded peptide than those for the water bonded peptide and the free peptide. In comparison, the occupation numbers for the later two peptides are quite similar. These results suggest that compared with water molecule, the steric blocking and dispersion interaction between the urea and the peptide atoms can partly prevent the peptide atoms from approaching the nearby hydrogen bond acceptors/donors, therefore decrease the formation probability of intra-peptide backbone hydrogen bonds. Such result has valuable implication for the urea induced unfolding mechanism of proteins. Recently, there are continuing debates about the denaturing mechanism of the urea [53] [54] [55] [56] [57] [58] . Particularly, recent experimental work suggested that the urea destabilizes proteins by hydrogen bonding to the peptide groups [59] . Our present results show that once the urea molecule is hydrogen bonded to the backbone groups, the strong steric blocking and dispersion interactions resulted from its large size can partly hinder the formation of the intra-peptide hydrogen bonds, and therefore changes the intrinsic propensity of the backbone conformation. Such alteration of the intrinsic propensity of the protein backbone conformations by urea may contribute to the urea-induced denatuation of proteins.
In addition to the steric blocking and dispersion effects discussed above, other factors, e.g., ureainduced electrostatic interactions and the entropy change of the solvent, may also affect the formation probability of the intra-peptide hydrogen bonds, which is difficult to be analyzed based only on the simulation results of this work. In the above discussions, we focus on the model system AcGGAGGNH 2 since the alanine represents the common part of all the amino acids except for glycine and proline. Therefore, the effects of solvent on the conformational distributions of the AcGGAGGNH 2 represent the effects of solvent on the intrinsic propensity of the backbone conformation. However, the conformational distributions of the realistic amino acid chains may also depend on the identities of the side chain and other long range global interactions. As a demonstration of the possible modulations of the solvent effects by side chains, Fig.7 shows the conformational distributions of two representative model peptides, AcGGLGGNH 2 and AcGGDGGNH 2 , which have typical hydrophobic side chain and charged side chain, respectively. We can see that the side chain of the central leucine has relatively weak effects on the solvent effects. Both the populations of the PPII and helix are changed by the solvents with the similar trends as those of the model system AcGGAGGNH 2 , except that the effects of the solvents on the β-strand becomes relatively weaker. For example, the aqueous urea does not change the population of the PPII, but decreases the population of the helix. Similarly, the methanol does not change the population of the helix, but decreases the population of the PPII. In addition, the probability of the local intra-peptide hydrogen bonds and the hydrogen bonds between the solvent and backbone groups are also similar to those of the AcGGAGGNH 2 as shown in Fig.S3 and Fig.S4 in the supplemental material [47] . In comparison, the side chain of the central aspartic acid strongly affects the solvent effects. Compared with the AcGGAGGNH 2 , the methanol dramatically increases the population of the PPII and decreases the population of the helix, although the probability of the hydrogen bonds between the solvent and backbone groups are not changed by the side chain as shown in Fig. S3 . Fig. S4 also shows that the formation probability of the local intra-peptide hydrogen bonds in methanol is reduced.
More detailed investigations show that for the AcGGDGGNH 2 , the charged side chain of the central aspartic acid has high ability to form hydrogen bonds with the backbone groups. According to previous studies [60, 61] , such hydrogen bonds between the side chain and the backbone groups of the nearby residues can greatly contribute to the stability of the PPII conformation due to the geometrical constraints (Note that we used a much looser definition of the PPII than in Ref. [60, 61] ). Fig. 8(a) shows the probability for the formation of the hydrogen bonds between the backbone NH groups and the side chain of the central aspartic acid in water, methanol and aqueous urea at 301.2K. We can see that the formation probability of the hydrogen bonds between the side chain of the aspartic acid and the backbone groups of the next two residues is much higher in methanol than that in water and aqueous urea. Fig. 8(b) shows the ratios of the secondary structure populations with and without side chainbackbone hydrogen bonds for methanol at different temperatures. Larger ratio (>1.0) indicates that the side chain-backbone hydrogen bonds stabilize the secondary structure. Similarly, smaller ratio (<1.0)
indicates that the side chain-backbone hydrogen bonds destabilize the secondary structure. We can see that the side chain-backbone hydrogen bonds highly stabilize the PPII and β-strand conformation, and destabilize the helical conformation, which contributes to the high PPII and β-strand populations and the low helix population for methanol observed in Fig.7 . 
IV. SUMMARY
Many biological processes, i.e., protein folding, translocation, etc., involve the variation of the local solvent environment. In this work, by employing the REMD simulations, we investigated the effects of solvents on the conformational distributions of the model peptide AcGGAGGNH 2 at wide temperature range. Our results provide a detailed characterization of the solvent dependence of the intrinsic propensity of the peptide backbone conformations, and its underlying molecular mechanisms.
Particularly, we revealed that the solvent dependence of the intrinsic propensity of the protein backbone conformation largely results from the interplay between the solvent dependence of the backbone hydration and the solvent dependence of the local intra-peptide hydrogen bond formation, and can be further modulated by the side chains. In addition, our results suggest that changing the intrinsic propensity of the backbone local conformation by the hydrogen bonded urea molecules may play a crucial role on the urea induced protein denaturation.
It is worth emphasizing that there are a number of factors which can contribute to the solvent induced conformational changes of proteins in addition to the above observed variations of the intrinsic propensity of backbone conformations, including the side chain modulations and other long range global interactions. Therefore, for realistic proteins, the contribution of the solvent effects on the intrinsic propensity of the protein backbone conformations may be buried by such more complicate factors. For example, in a recent work by Canchi and coworkers [62] , the urea induced unfolding of a designed protein Trp-cage was simulated by REMD. Their results showed that the backbone of the protein only slightly more hydrated in the unfolded state than that in the folded state. Based on the above observations, the authors concluded that the hydrogen bonding of urea to the peptide backbone does not play a dominant role in the denaturation of the Trp-cage. We speculate that the solvent effects on the intrinsic propensity of the backbone conformation are more important for the conformational distributions of the unfolded proteins or intrinsically disordered proteins in which the long range global interactions are less important than that in the well folded proteins.
In this work, the AMBER ff03 force field was used. The absolute values of the peptide conformational populations extracted from the molecular dynamics simulations may depend on the used force fields. For example, in Ref. [63, 64] , the authors investigated the force field dependence of the conformational populations of peptides for a number of current force fields, and showed that most force fields, including the AMBER ff03 force field used in this work, do overpopulate the α-helical region.
However, in the present work, the variation of the conformational population induced by changing the solvent is more relevant to the major conclusions, which is less dependent on the specific force field used. Undoubtedly, more detailed work using a number of different force fields will be highly useful in understanding the solvent effects of the intrinsic propensity of the backbone conformations. In addition, the discussions in this work mostly based on the simulation results of the model peptide AcGGAGGNH 2 which fully eliminates the effects of the side chain interactions, and on two peptides with typical hydrophobic side chain and charged side chain, respectively. To further study the side chain effects on the backbone conformational propensity, other peptides involving different side chains and neighbouring residues are needed. 
